Zimmermann E. The reference frames in saccade adaptation.
reference frame; saccade adaptation; spatiotopic SACCADE ADAPTATION is a convenient method to experimentally modify the size of saccade eye movements where the saccade target is systematically displaced during the execution of the saccade (Hopp and Fuchs 2004; McLaughlin 1967; Pelisson et al. 2010) . Since the eye will not reach the intended saccade goal position, the oculomotor system starts adjusting the saccade size, and usually within 100 trials a good calibration is achieved. Depending on the direction of the target displacement, the saccade gain can be increased or decreased: inward displacements will lead to shorter saccade amplitudes, whereas outward displacements will lead to longer saccade amplitudes. Many studies suggest that inward and outward adaptation rely on different neuronal mechanisms (Cecala and Freedman 2009; Ethier et al. 2008; Hernandez et al. 2008; Miller et al. 1981; Mueller et al. 2012; Panouilleres et al. 2009; Lappe 2011, 2012; Semmlow et al. 1989; Straube and Deubel 1995; Straube et al. 1997; Zimmermann and Lappe 2010) . Whereas inward adaptation is most probably established at a purely motor stage (cf. Pelisson et al. 2010 for review), transfer of adaptation to visual perception (Garaas and Pomplun 2011; Schnier et al. 2010; Zimmermann and Lappe 2010) and to hand-pointing movements (Hernandez et al. 2008) suggest that saccade outward adaptation occurs at a target localization stage, changing the visual registration of the saccade target.
Remarkable differences in saccade adaptation have also been repeatedly reported between different types of saccades: reactive saccades, which are driven by a sudden onset of the saccade target, are independently adaptable from voluntary saccades, in which the saccade targets are presented continuously and saccades are performed by the subject in a self-paced manner (Collins and Dore-Mazars 2006; Cotti et al. 2007; Deubel 1995; Erkelens and Hulleman 1993; Fujita et al. 2002; Hopp and Fuchs 2004) . If saccades of one type are adaptively changed, the adaptation transfers only partly to the other type, suggesting the involvement of different neural mechanisms (Alahyane et al. , 2008 Cotti et al. 2009; Schnier and Lappe 2012) . After adaptation of reactive saccades, mislocalization of targets flashed briefly before saccade execution (Awater et al. 2005; Collins et al. 2007 ) and mislocalization of the saccade target (Bahcall and Kowler 1999; Collins et al. 2009; Klingenhoefer and Bremmer 2011) have been observed. However, after adaptation of scanning saccades, stationary visual objects that have been inspected for a long time also are perceived shifted in the direction of adaptation (Zimmermann and Lappe 2009) . Reactive and voluntary saccade adaptation thus might take place at different levels of the oculomotor transform, coded in separate coordinate frames. Indeed, a recent brain imaging study found differential activation for reactive (cerebellum, middle temporal, temporoparietal, and frontal areas) and voluntary (cerebellar, frontal, and parietal areas) saccade adaptation (Gerardin et al. 2012) .
The main difference between reactive and voluntary saccades is the duration the saccade targets are visible before the saccades are initiated. The preview duration of the saccade target before saccade execution can be manipulated with the delayed saccade paradigm. By varying the temporal delay between saccade target appearance and fixation point offset, saccades from the reactive to voluntary range can be triggered. If there is no temporal delay, reactive saccades will be triggered; if, however, the temporal delay is larger (e.g., 500 ms), voluntary saccades are triggered. Variations in the delay duration confirmed a systematic relationship between the presentation duration of the visual saccade target signal and the amount of transfer from one saccade type to the other (Deubel 1995; Schnier and Lappe 2011) . Adaptation of reactive saccades transferred strongly to saccades performed in trials with low delay durations. Adaptation transfer was very poor, however, when the delay duration in the test trials had been increased. This finding suggests that the separate adaptability of reactive and voluntary saccades is not an all-or-none phenomenon of two separate saccade classes but a process that gradually builds up over time. Effects of eye position, which modulates saccade adaptation (Alahyane and Pelisson 2004; Havermann et al. 2011; Wulff et al. 2012) , also suggested the involvement of different coordinate systems in reactive and voluntary adaptation: strong eye position effects were found in voluntary, but not in reactive, outward adaptation . A following investigation on the reference frame of voluntary saccade outward adaptation dissociated retinal from spatiotopic coordinates and found that saccade outward adaptation was linked to a position in external space, rather than to a retinal or a cranial position . When the target was presented in the same spatial position as during adaptation, saccade targeting was strongly influenced by adaptation. However, when the target was presented in the same retinal or the same cranial position, saccade targeting was barely affected.
The present study sought to investigate the reference frames in saccade outward and inward adaptation for reactive and voluntary saccades. By varying the saccade target presentation duration, saccades from the reactive and the voluntary range were tested. To dissociate between a retinal and a spatiotopic coding of the saccade target, the following method was used : rightward saccades from the left part of the screen were adapted with either an outward or an inward target displacement. After adaptation, two saccade directions were tested. First, rightward saccades were tested. These saccades had the same retinal vector and went to the same spatial position as the adapted saccade. They were applied to estimate the transfer of adaptation to the test trials. Second, to dissociate the retinal vector from the spatial position, leftward saccades starting from the right part of the screen had to be performed to the adapted target location. If adaptation is coded in spatiotopic coordinates, these leftward saccades should then be shortened. If the spatiotopic effect rises with increasing delay duration of the saccade target, this would suggest that reactive and voluntary saccade outward adaptation mainly differ in the coordinate systems they are coded in.
METHODS
Participants. Four subjects (3 naive subjects and the author; mean age 29 yr) participated in all of the experiments. All subjects had normal or corrected-to-normal vision, and all subjects gave informed consent. The study was approved by the ethics committee of the German Society of Psychology. The experiments were carried out in accordance with the principles laid down in the Declaration of Helsinki.
Procedure. Subjects were seated 57 cm from a 21-inch CRT color monitor (Barco Calibrator) with the head stabilized by a chin-and headrest. The visible screen diagonal was 20 in., resulting in a visual field of 40°ϫ 30°. Stimuli were presented on the monitor with a vertical frequency of 120 Hz at a resolution of 800 ϫ 600 pixels. Eye movements were monitored by the EyeLink 1000 system (SR Research), which samples gaze positions with a frequency of 2,000 Hz. Viewing was binocular, but only the dominant eye was recorded. The system detected start and end of a saccade when eye velocity exceeded or fell below 22°/s and acceleration was above or below 4,000°/s 2 . All fixation points and saccade targets were 1°in diameter and were presented on a homogeneously gray background.
Adaptation trials. Saccade adaptation was induced with a delay saccade paradigm, which is sketched in Fig. 1 . Subjects fixated on a fixation point 9°to the left of the screen center. After 1,000 ms, the saccade target was shown at the screen center. The subject was instructed to perform a saccade to the saccade target as soon as the fixation point disappeared. In separate sessions the fixation point was When the fixation point disappeared, subjects had to perform a saccade to T1. With this method, 3 different overlap durations (indicated by the gray vertical bar) of fixation point and saccade target (0, 250, 500 ms) could be tested. When the eye tracker detected the change in the horizontal eye position (H EP), the saccade target was displaced. C: positions of the fixation point and the saccade target (T1) in the "combined condition" were the same as in the adaptation procedure. D: time course of events in the combined condition. Subjects performed a saccade to the position of the saccade target when the fixation point disappeared. The saccade target was shown for either 50 or 500 ms together with the fixation point. E: positions of the fixation point and the saccade targets (T1 and T2) in the "spatiotopic condition." Subjects fixated on the fixation point until saccade target T1 appeared and then performed a saccade to T1. From T1 they had to initiate a saccade to T2. F: time course of events in the spatiotopic condition. The gray vertical bar indicates the overlap period of saccade targets T1 and T2 (which could be either 50 or 500 ms). When T1 disappeared, subjects had to saccade to the position of T2. V EP, vertical eye position.
either switched off simultaneously with the onset of the saccade target or 250 or 500 ms later, thus varying the overlap duration of saccade target and fixation point (indicated by the gray vertical bar in Fig. 1B) . Before adaptation began, 20 baseline trials were presented in which the saccade target remained in its initial position. The aim of these trials was to establish the baseline saccade landing position to a stationary target. In the subsequent adaptation trials the saccade target was displaced 4°to the right in outward adaptation sessions or 4°to the left in inward adaptation sessions. The target displacement was applied when the eye had moved more than 3°to the right of the fixation point. Adaptation trials lasted between 2,000 and 2,500 ms depending on the delay duration.
Pre-and postadaptation trials. Test trials were applied before and after adaptation. Two conditions were presented in the test trials. The "combined condition" tested the combined coding of the retinotopic and the spatiotopic target representation. It mimicked the adaptation trials except that the saccade target was not displaced during the saccade but switched off when the fixation point disappeared. The aim of these trials was to test the transfer of adaptation to trials where the saccade target disappeared. Figure 1C shows the spatial arrangement of the targets and Fig. 1D their time courses. The saccade target overlapped in time with the fixation point for either 50 or 500 ms (the delay period is indicated by the gray vertical bar in Fig. 1D ). Fixation point and saccade target were then simultaneously switched off. Subjects were instructed to perform a saccade to the memorized saccade target position when the fixation point disappeared. If the eye tracker detected a saccade before the target had disappeared, the target was switched off immediately. The positions of the fixation point and the saccade target were the same as in adaptation trials except that across trials the position of the saccade target was jittered across three positions (Ϫ1.5°, 0°, and 1.5°) to prevent stereotyped saccading to a fixed position.
The presentation of the "spatiotopic condition" followed the procedure described in . In these trials (shown in Fig. 1 , E and F) a sequence of two saccades had to be performed. The first saccade was necessary to bring gaze into the right part of the screen. To avoid de-adaptation, the path of the first saccade was in the diagonal direction, rather than horizontal as during adaptation. The second saccade of this sequence was directed to the adapted saccade target position but with the opposite saccade vector from that during adaptation. The fixation point was shown 9°to the right and 10°below the screen center for a randomly chosen duration between 1,300 and 1,500 ms. The first saccade target then appeared 18°to the right of the screen center and at the vertical midline. This target position was chosen because spatiotopic effects were found to be strongest for saccades starting from this position . After a randomly chosen duration between 800 and 1,000 ms, the second saccade target appeared at the adapted target position (position T1 in Fig. 1A ), for either 50 or 500 ms. The second saccade target was jittered across three positions (Ϫ1.5°, 0°, and 1.5°). The aim of the jittering of the saccade target position was to check that saccades were not initiated in a stereotyped manner. The subject was instructed to wait until the first saccade target turned off. The first saccade target was switched off together with the second, and the subject had to perform a saccade to the memorized position of the second saccade target. The screen then remained blank for the rest of the trial.
The fixation point changed color to inform the subject about the condition. A green fixation point warned the subject to keep fixation until the fixation point disappeared. The fixation point was red when the delay duration was 0 ms and the subject had to saccade directly to the targets. Test trials lasted 2,050 or 2,500 ms depending on condition.
Structure of a session. A session started with 60 preadaptationtrials in which each of the 2 ϫ 2 (50 ms/500 ms target presentation duration and combined/spatiotopic) conditions was presented for 15 trials. After the preadaptation trials, 20 baseline trials were applied in which the saccade target remained in its initial position after saccade execution, to estimate the unadapted saccade gain. In the next 150 trials the saccade target was displaced intrasaccadically either 4°in outward direction to induce outward adaptation or in separate sessions in inward direction to induce inward adaptation. Inward and outward adaptation sessions were identical in all respects except for the direction of the target displacement. After adaptation, 60 postadaptation trials were applied. The postadaptation trials were intermingled with 165 reinforcement adaptation trials whose aim was to keep adaptation at a steady level. Before and after adaptation, the presentation of the trials was completely randomized. a representative subject for the three different delay durations. The median landing position from the 20 baseline trials and the last 20 adaptation trials is indicated by the black horizontal bars. The saccade target was presented at 0°. In the 20 baseline trials, where the delay was 0 ms (shown in Fig. 2A ), the saccade undershot the target by 1.2°on average. The average undershoot size diminished as a function of saccade target delay duration (for 250-ms delay, 0.75°; for 500-ms delay, 0.25°). This finding is consistent with earlier studies reporting reduced undershoot for saccades performed to stationary saccade targets (Lemij and Collewijn 1989) . The amount of adaptation was estimated by the difference between the average saccade landing in the 20 baseline trials, where the target was not displaced, and the last 20 adaptation trials. Figure 2D shows the adaptation amount averaged across all subjects for the three different delay durations. The average adaptation amount was statistically indistinguishable between delay durations [repeated-measures ANOVA, degrees of freedom (df) ϭ 2, F ϭ 0.66, P ϭ 0.602].
RESULTS

Adaptation magnitude.
Since the presaccadic gain varied between adaptation sessions, adaptation magnitude was also calculated as a percentage of the unadapted saccade gain [(landing adapted Ϫ landing unadapted)/landing unadapted ϫ 100]. In adaptation sessions with 0-ms delay the percentage was 29.9% (SE 9.4), in adaptation sessions with 250-ms delay it was 16% (SE 4.9), and in adaptation sessions with 500-ms delay it was 24.7% (SE 11.37) . Similarly, when calculated as a percentage, adaptation magnitude did not differ significantly between sessions (repeated-measures ANOVA, df ϭ 2, F ϭ 0.735, P ϭ 0.576). For each adaptation session an exponential fit function [a ϩ b ϫ E(Ϫt/c)] was fitted to the first 150 adaptation trials to estimate the number of trials after which the adaptation steady state was reached. On average, in adaptation sessions with 0-ms delay the adaptation steady state was reached after 63 (SE 38) trials, in sessions with 250-ms delay after 45 (SE 29) trials, and in sessions with 500-ms delay after 47 (SE 27) trials. The adaptation speed did not differ significantly between sessions (repeated-measures ANOVA, df ϭ 2, F ϭ 3.980, P ϭ 0.201).
Average saccade landing positions. Figure 3 shows mean saccade landing positions from the test trials (pre-vs. posttrials), exemplary for outward adaptation with 0-and 500-ms delay. The data show that the three jitter positions were clearly reflected in saccade landings, thus indicating that the saccades were guided by the visual target signal and not performed in a stereotyped manner. If saccades were unchanged by adaptation, all data points should be found on the identity line. When saccade targets were presented for 50 ms in the combined condition, a shift of saccade landing positions in outward direction was seen. The gray solid line in Fig. 3 represents data from adaptation sessions with 0-ms delay, and the black dashed line represents data from adaptation sessions with 500-ms delay. The shift is very similar for both adaptation sessions (Fig. 3A) . When saccade targets were presented for 500 ms, however, a strong shift was observed only after adaptation with 500-ms delay but not after adaptation with 0-ms delay (Fig.  3B) . This is consistent with the often reported finding that voluntary saccade adaptation but not reactive saccade adaptation transfers to voluntary test saccades. In the spatiotopic condition with saccade targets presented for 50 ms (Fig. 3C) , the 0-and 500-ms saccade target delay durations during adaptation did not produce considerable differences in the saccade landing. Only the jittering of the saccade target position was clearly reflected in the saccade landing. When saccades executed to saccade targets with a presentation duration of 500 ms (Fig. 3D) were tested in the spatiotopic condition, the delay duration during adaptation clearly shifted the saccade landing positions. With 0-ms delay duration, saccade landing positions (gray points, solid line) are centered on the identity line, indicating that they are almost identical between pre-and postadaptation trials. With 500-ms delay duration during adaptation (black points, black dashed line), saccade landing in the postadaptation trials is shifted in the rightward direction, which is the direction the saccade target was displaced during adaptation. Thus saccades in the spatiotopic condition, which were leftward saccades, were shortened by the rightward target displacement in the adaptation trials. This result is in accordance with a mechanism that adapts the representation of external spatial positions rather than vector-specific saccade gain.
Average outward adaptation in the combined condition. Before and after adaptation, two conditions were tested in random order: the combined condition, so called because retinotopic and spatiotopic coding of the saccade target position were not dissociated, and the spatiotopic condition, in which the pure spatiotopic coding was tested. In each of these two conditions the final saccade target was presented for either 50 or 500 ms. To calculate the average amount of adaptation transfer to the test trials, saccade landing was averaged for each of the three jitter positions separately in the pre-and the posttrials. The adaptation transfer was given by the difference between pre-and posttest landing positions. Landing positions from the posttrials from each jitter position were subtracted by the average landing positions in the pretrials from the respective jitter position. These data were then collapsed within each condition and averaged. Average changes in saccade landing in the combined condition are shown in Fig. 4A . Strong adaptive shifts for saccades performed to targets that were presented for 50 ms (shown in gray) were found after adaptation with delay durations of 0 ms [1°(SE 0.2°)] and 250 ms [1.5°(SE 0.3°)]. A weaker adaptive shift was found after adaptation with 500-ms delay duration [0.8°(SE 0.2°)]. Saccades executed to targets shown for 50 ms belong to the category of reactive saccades. The weaker adaptation transfer for the 500-ms delay duration during adaptation is consistent with the previously reported independent adaptation of reactive saccades and saccades with longer delay durations (Deubel 1995; Schnier and Lappe 2011) . Landing positions of saccades that were performed to targets presented for 500 ms are shown in black. The shift size of these saccades is rather weak after adaptation with 0-ms delay duration [0.6°(SE 0.1°)]. However, the magnitude of the shift increases with longer delay durations and reaches a shift size of 1.7°(SE 0.1°) after a delay duration of 500 ms. The different shift sizes for the varying delay durations are again consistent with the finding of adaptation selectivity for variations in the delay durations. A two-way repeated-measures ANOVA confirmed a significant main effect for the two target durations (df ϭ 1, F ϭ 6.665, P Ͻ 0.012) and for the three delay durations (df ϭ 2, F ϭ 13.509, P Ͻ 0.001). A significant interaction effect showed that the influence of delay duration during adaptation on shift size was stronger for saccades performed to targets presented for 500 ms (df ϭ 2, F ϭ 5.481, P Ͻ 0.006), which is in agreement with the weak transfer between reactive and voluntary saccades: adaptation with 500-ms delay leads to stronger adaptation for test saccades performed to targets presented for 500 ms. Conversely, adaptation with 0-ms delay leads to stronger adaptation for test saccades performed to targets presented for 50 ms.
Since the adaptation magnitude varied between conditions (see Fig. 2D ), the adaptation transfer to the test saccades must also be related to the according adaptation strength. When calculated as a percentage, [(postspatiotopic trials Ϫ prespatiotopic trials)/prespatiotopic trials]/%adaptation ϫ 100, the shift in saccade landing for targets presented for 500 ms is stronger when the saccade target delay is longer than 0 ms [0-ms delay, 12.3% (SE 2.3%); 250-ms delay, 51.7% (SE 3.3%); 500-ms delay, 39.4% (SE 2.5%)], whereas the transfer was different when targets were presented for 50 ms [0-ms delay, 20.2% (SE 3.5%); 250-ms delay, 55.9% (SE 9.6%); 500-ms delay, 18.8% (SE 5.6%)]. A repeated-measures ANOVA calculated with the percentage data showed a significant main effect for target duration (df ϭ 1, F ϭ 5.51, P ϭ 0.022) and for delay duration (df ϭ 2, F ϭ 35.43, P Ͻ 0.001), as well as a significant interaction effect (df ϭ 2, F ϭ 5.97, P ϭ 0.004), which showed that the delay duration during adaptation affected the shift size more strongly when saccade targets were presented for 500 ms. Figure 4B shows saccade latencies in the combined condition. Subjects were required to initiate their saccades when the saccade target disappeared. The duration between saccade target onset and saccade initiation thus depends on the delay duration and the saccade latency. Saccade latencies were defined as the duration between offset of the fixation point and start of the saccade. Saccade latencies were significantly higher when targets were presented for 50 ms (df ϭ 1, F ϭ 330.229, P Ͻ 0.001). Saccade latencies also varied significantly for the three delay durations during adaptation (df ϭ 2, F ϭ 58.661, P Ͻ 0.001). A significant interaction effect (df ϭ 2, F ϭ 11.717, P Ͻ 0.001) showed that the latency increase with overlap duration was stronger for 50-ms target durations than for 500-ms target durations. No significant correlation between saccade latency and the adaptive shift size was found [r(6) ϭ Ϫ0.3].
Average outward adaptation in the spatiotopic condition. Average changes in saccade landing against the three delay durations during adaptation in the spatiotopic condition are shown in Fig. 5A . The average change in saccade landing is calculated as the difference between the landing in the pre-and the postadaptation trials. Mean shifts in landing are shown for saccades that were performed to targets presented for 50 ms (shown in gray) and to targets presented for 500 ms (shown in black). Mean shifts in saccade landing for targets that were visible for only 50 ms were generally weak for all three delay durations. However, when targets were presented for 500 ms, the size of the shifts increased as a function of delay duration. For 0-ms delay duration the average shift was 0.1°(SE 0.1°); with a delay duration of 250 ms, the shift increased to 0.8°(SE 0.1°) and remained at that level with 500-ms delay duration [0.7°(SE 0.1°)]. Thus saccades in the spatiotopic condition, which were leftward saccades, were shortened by the rightward target displacement in the adaptation trials. This result is in accordance with a mechanism that adapts the representation of external spatial positions, rather than vector-specific saccade gain. A two-way repeated-measures ANOVA confirmed a significant difference in shift size between targets presented for 50 ms and targets presented for 500 ms (df ϭ 1, F ϭ 21.168, P Ͻ 0.001). A significant interaction effect between the factors saccade target presentation duration and delay duration during adaptation (df ϭ 2, F ϭ 5.447, P ϭ 0.007) confirmed that the increase of the spatiotopic adaptation occurred only for targets presented for 500 ms. Calculated as a percentage of adaptation magnitude, the spatiotopic effect for targets presented for 500 ms still rose with increasing delay duration in the adaptation sessions [0-ms delay, 6.1% (SE 3.6%); 250-ms delay, 57.9% (SE 8.9%); 500-ms delay, 33.7% (SE 6.5%)], whereas the effect remained low or absent when targets were presented for 50 ms [0-ms delay, 7% (SE 4.6%); 250-ms delay, 20.1% (SE 8.5%); 500-ms delay, Ϫ8.9% (SE 5.9%)]. A repeated-measures ANOVA, calculated with the percentage data, confirmed significantly stronger adaptive shifts when targets were presented for 500 ms (df ϭ 1, F ϭ 31.58, P Ͻ 0.001) and significantly stronger adaptation for longer delay duration during adaptation (df ϭ 2, F ϭ 6.86, P ϭ 0.02). A significant interaction effect (df ϭ 2, F ϭ 5.93, P ϭ 0.04) showed that the influence of the delay duration during adaptation was stronger when targets were shown for 500 ms.
Saccade latencies for the two target presentation durations are shown in Fig. 5B . Latencies were significantly higher when targets were presented for 50 ms (2-way repeated-measures ANOVA, df ϭ 1, F ϭ 43.825, P Ͻ 0.001). Saccade latencies for the three different delay durations during adaptation differed significantly also (df ϭ 2, F ϭ 18.415, P Ͻ 0.001). No significant interaction effect was found (df ϭ 2, F ϭ 2.721, P ϭ 0.073). A strong significant negative correlation between saccade latency and the adaptive spatiotopic shift was found [r(6) ϭ 0.9, P Ͻ 0.0001], indicating that lower latencies yielded larger spatiotopic shifts. This result shows that in the latency period, where the visual target signal no longer is present, the spatiotopic representation of the target deteriorates in memory. A spatiotopic reference frame thus depends on a constantly present visual target signal to build up. A 2 ϫ 2 ϫ 3 repeated-measures ANOVA was calculated with the factors condition (combined/spatiotopic), target duration (50 ms/500 ms), and delay duration during adaptation (0 ms/250 ms/500 ms). Saccade latencies were significantly longer in the combined condition (df ϭ 1, F ϭ 17.861, P Ͻ 0.001) and significantly longer when saccade targets were presented for 50 ms (df ϭ 1, F ϭ 256.156, P Ͻ 0.001). The influence of saccade target duration and delay duration during adaptation on saccade latencies was significantly stronger in the combined condition, as indicated by a significant interaction effect between condition and target duration (df ϭ 1, F ϭ 34.133, P Ͻ 0.001), a significant interaction effect between condition and delay duration during adaptation (df ϭ 2, F ϭ 86.338, P Ͻ 0.001), and a significant interaction effect between condition, target duration, and delay duration during adaptation (df ϭ 2, F ϭ 8.760, P Ͻ 0.001).
Average inward adaptation in the combined and the spatiotopic conditions. The combined and the spatiotopic conditions were also measured for inward adaptation with saccade target presentation durations of 50 and 500 ms. For inward adaptation, saccade landing was measured after adaptation with a delay duration of 500 ms, since spatiotopic effects after outward adaptation were strongest for that duration (see Fig. 3A ). Figure 6 shows the average amount of shift in saccade landing after adaptation in the inward direction for the combined and the spatiotopic conditions (gray colors refer to a target duration of 50 ms and black color to a target duration of 500 ms). The shift in the spatiotopic condition was almost zero for targets presented for 50 ms [0.2°(SE 0.2°)] and for targets presented for 500 ms [Ϫ0.4°(SE 0.3°)]. In the combined condition, however, there was a clear shift in landing for saccades executed to targets presented for 50 ms [1.3°(SE 0.3°)] and for saccades executed to targets presented for 500 ms [1.8°(SE 0.2°)]. A two-way repeated-measures ANOVA revealed significantly different adaptation magnitudes between the combined and the spatiotopic conditions (df ϭ 1, F ϭ 43.326, P Ͻ 0.001). No significant interaction effect was found. The saccade target presentation durations, however, did not influence saccade landing significantly.
Calculated as a percentage of adaptation magnitude, the transfer of adaptation in the combined condition remained strong [50-ms target duration, Ϫ52.9% (SE 12.9%); 500-ms target duration, Ϫ59.12% (SE 5.8%)], whereas the spatiotopic effect after inward adaptation still remained absent [50-ms target duration, Ϫ6.35% (SE 7.6%); 500-ms target duration, 9.22% (SE 8%)]. A two-way repeated-measures ANOVA confirmed a significant main effect for the combined vs. the spatiotopic condition (df ϭ 1, F ϭ 38.816, P Ͻ 0.001) but not for the durations of the saccade target (df ϭ 1, F ϭ 0.004, P ϭ 0.948). No significant interaction effect was found.
That spatiotopic effects were absent for inward adaptation confirms the assumption of a general gain reduction mechanism for inward saccade adaptation (Albano 1996; Deubel 1995; Frens and van Opstal 1994; Noto et al. 1999; Semmlow et al. 1989) .
DISCUSSION
The present series of experiments investigated the reference frame in saccade adaptation. Saccade landing positions were studied in a paradigm following a previous study : saccades were performed to an adapted saccade target in the rightward direction from the left part of the screen as during adaptation, to test for combined effects of retinal vector and spatial position coding. To test for a spatiotopic coding of the saccade target position, leftward saccades starting from the right part of the screen were executed to the adapted target. If saccade outward adaptation induces a shift in the saccade target representation in spatiotopic coordinates, then rightward saccades performed in the same direction as during adaptation should be lengthened and leftward saccades from the opposite direction should be shortened. A spatiotopic representation of the saccade target position depended on the delay duration of the saccade target in the test trials: the target had to be presented a certain duration before saccade execution to shorten saccades performed from the opposite direction of that during adaptation to the adapted saccade target. A spatiotopic representation of the saccade target position thus needs a certain amount of time to build up. This spatiotopic adaptation is consistent with earlier findings showing that the motor and visual changes in saccade outward adaptation are strongly modulated by eye position when saccades to stationary rather than to suddenly appearing targets are adapted . The availability of the visual saccade target thus might play an important role in the construction of a spatiotopic reference frame (Niemeier and Karnath 2003) .
The required size of saccades that had to be performed in the spatiotopic posttrials were larger than those in the adaptation trials. It might therefore be that a range effect (Kapoula and Robinson 1986) or fatigue could explain the shortening of the saccades in the spatiotopic trials. However, the finding that the spatiotopic effect rises with increasing delay adaptation and also varies between inward and outward adaptation rules out explanations for the effect which are not related to adaptation. Saccade adaptation is selective for the type of saccade tested: when reactive saccades performed to suddenly appearing targets are adapted, transfer to saccades performed to stationary targets is only partial Collins and Dore-Mazars 2006; Cotti et al. 2007; Deubel 1995; Erkelens and Hulleman 1993; Fujita et al. 2002; Hopp and Fuchs 2004; Zimmermann and Lappe 2009) . Although there is general agreement that the reactive saccade type is independent from the group of voluntary saccade types, it is not clear what exactly is the functional difference between these two types of saccades. The crucial experimental variable that dissociates between the two types is the duration the saccade target has been presented before saccade execution. The percentage of transfer from reactive saccade adaptation to delayed saccades, a type of voluntary saccades, decreases as a function of delay duration of the saccade targets (Deubel 1995; Schnier and Lappe 2011) .
The data in the combined condition confirm the independence of reactive and voluntary saccades: if saccades were adapted with 0-ms delay duration (i.e., reactive saccades), stronger adaptation transfer was found for saccades performed to targets presented for 50 ms than for saccades performed to targets presented for 500 ms. Conversely, if saccades were adapted with 500-ms delay duration (i.e., voluntary saccades), stronger transfer was found for saccades performed to targets presented for 500 ms than for saccades performed to targets presented for 50 ms. The data thus suggest that the reactivevoluntary difference in saccade outward adaptation is not really dependent on the "intentionality" of the saccade but on the type of reference frame in which the saccades are coded.
Regarding the definition of reactive saccades as externally triggered and voluntary saccades as internally triggered, all saccades in the present study should be classified as externally triggered, since the saccade go signal always was the offset of the fixation point. However, the delay duration during adaptation yielded significantly different shifts in test saccade landing positions for targets presented for 50 ms and for targets presented for 500 ms. Voluntary saccades with long saccade target presentations are usually associated with higher saccade latencies than reactive saccades, where the target suddenly appears (cf. Pelisson et al. 2010 for review). Saccade latencies in voluntary saccade conditions in this study (250-and 500-ms delay duration during adaptation) were generally quite low, which is a well-known phenomenon, occurring when saccades can be anticipated or preplanned. Kalesnykas and Hallett (1987) estimated that the latencies of anticipated saccades range between 100 and 120 ms. Especially in saccades performed to targets shown for 500 ms, the oculomotor system has ample time to preplan the eye movement and delay saccade initiation until offset of the fixation point. Consistently, latencies of saccades to targets with 500-ms presentation duration were shorter than those of saccades to targets with 50-ms presentation duration. In the combined condition, latencies of saccades to targets with 50-ms duration increased depending on the delay duration during adaptation. This might be a training effect from the adaptation period: it is likely that subjects here transferred to the test trials their habit to delay their saccades in the adaptation trials. This effect is saccade vector specific, since it does not occur in the spatiotopic condition. The construction of a spatiotopic representation of the saccade target position depends on the permanent presence of the visual saccade target. In the saccade latency period, no visual saccade target was shown. A strong negative correlation between saccade latency and spatiotopic shift size thus showed that in the absence of a visual signal, the spatiotopic representation decays in memory.
No spatiotopic shifts in saccade landing were found for saccade inward adaptation, consistent with earlier claims that inward adaptation operates on a general gain reduction (Albano 1996; Deubel 1995; Frens and van Opstal 1994; Noto et al. 1999; Semmlow et al., 1989) . Several studies have shown significant differences between inward and outward saccade adaptation in time course and strength of adaptation (Cecala and Freedman 2009; Miller et al. 1981; Schnier and Lappe 2011) as well as in modifications of motor parameters Straube and Deubel 1995; Straube et al. 1997; Zimmermann and Lappe 2010) . Transfer of adaptation to antisaccades ), to hand-pointing movements (Hernandez et al. 2008) , and to visual perception (Zimmermann and Lappe 2010) after saccade adaptation was found only for outward but not for inward adaptation. These differences suggest separate neural mechanisms for inward and outward adaptation (Pelisson et al. 2010) . Computational modeling studies that took into account the saccade dynamics of adapted saccades suggested that inward adaptation results from changes to the internal monitoring in a forward model, whereas outward adaptation is achieved by changes in the motor command, i.e., a shift in the saccade target representation (Chen-Harris et al. 2008; Ethier et al. 2008; Xu-Wilson et al. 2009 ). Consistent with that proposal, Semmlow et al. (1989) observed the amount of shifts in saccade landing positions of adapted saccades over a wide range of several starting and landing positions and concluded that outward adaptation operated on a remapping of final position in world coordinates, whereas inward adaptation is achieved through an overall reduction of gain.
